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NOMENCLATURE 


£4 

A Cam D = cross- sectiona.1 of the ba.r 

S 

A^C cm D = cross sectional area of t.he magnetic core 
£ 

E Ckg^^cm D = elastic modulus of boring bar material 

F^Ckg'J = static cutting force in the thrust direction 

FCtI),FCsD = instantaneous cutting force in the thrust direction in 

ti me and 1 apl ace domai n r especti vel y . 

dF^CtD > dF^Cs'J = dvTiarriic force associated with change in 
chi pst hie k ness in t i me and 1 apl ace domai n r es pec t i vel y 


dF^CsI) =dynami c force component due to penetration resistance 
fCtl) = resultant cutting force 


f CtD >F CsD = excitation force in time and 1 apl ace domain 
e e 

respect-,! vel y 

gCcm-'see'^D =accelera.t.iori due to gravity 

G^CsD = direct harmonic response function of the boring bar at the 

tip 

G Cs2>=transfer function of the exciter 
e 

G , CsD = transfer function describinq the avTiamics of the borino 
et _ - - 

bar from exciter position to the tip 

ICcm^D = area moment of inertia of the boring bar- c-r-oss-seot i on 


i.CtlJ.I^t'sD C amp. "J = current 

/-T 


K = feed back path amplifier gain 

K Ckq^-'crrO = cuttinq stiffness in thrust direction 

KjCkg. sec. •'cnD = penetration coefficient in thrust direction 

ICcri'D = lerigth of the boring bar 



L = distance of the exciter from the tool -base 
henry!) = inductance of magnetic coils 
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= mutual inductances 
N = No. of turn of the magnetic coil 
Nq = rpm of the spindle 
RC03= resistance of the magnetic coil 

TCsec.D = time period for single revolution of the workpiece 
uCtI)>UCsD =i nstantaneous chip thickness in time domain and lap! ace 
domai n r espec ti vel y 

6uC t D ^ due s J = dynami c change i n chi p t hi ck nes s 

Crad^^'secJ = i th natural frequency of i.he boring bar- 
w = frequericy 

X .CxD = shape function of the cantilever beam for the j-th mode of 

sJ 

vi brat ion. 

yCtD,YCsD = d>Tiamic displacement of boring bar at the tip 

Y^CsD =controiled dyriarrdc displacement of the tip of the boring 

bar in laplace domain 

Y^.CsD = displacement of the tip due to excitation at the exciter 
ft 

posi ti on . ini apl ace domai n 

YCsO,Y Cs.'J = acceier-ation in laplace domain 

c 

= chatter growt-h exponent 

ft = angle made by the resultant cutting force wdth the bed 

3 

^<kg.xem J = specific weighi- oi the boring bar raaterial 
^ between the magriet s 

<j!>,CtD = certain time function for the jth mode of vibration of 


the cantilever beam. 



fj = overlap factor 

weber/amp. irD = permeability of the vacuum 
F^^Cs'J) = short term disturbing 


force 



Chapter I 


1 . 1 Intr oduction: 

In the modern rocket -age machining 
technology aims at achieving two primary goals -one is high 
production rate and another high accuracy and f inish. Tliere are 
many causes which are playing adversely against achieving these 
object! ves . Chatter is one of the most unpredictable evils which 
fall in this category. Since 1948 many researchers attempted to 
investigate into the mecliani sm of chatter and so far a 
considerable amount of knowledge has been gathered in this 
field. However > whatever may be the cause of chatter ,the main 
objectives of the present researchers is to eliminate it in order 
to counteract its detrimental effect on the surface-finish and 
accuracy. As far as chatter control technique is concerned many of 
them have been found to fight the chatter out. 

So far two principal reasons have been detected to be the 
cause of chatter . Regeneration effect and mode-coupling effect are 
those two which may occur solely or simultaneously. Besides ^ many 
other effects^such 'as prirriary chatter due to the velocity 
dependent friction etc. ^ may lead to chatter . But according to the 
degree of severity regenerative chatter is most important . Chatter- 
is nothing but the unstable vibration of raachine during macriiriing 
operation. Explicitly speaking if steady state cutting condition is 
disturbed somehow c due to the nature of cutting process itself the 
elastic system of the machine tool may be throwTi into vibration 
the amplitude of which theoretically grows up gradually till t..he 
breakage of tool . Actual l^y*" due to nonlinearity in the elastic 
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system at higher amplitude> vibration level becomes constant after 
a certain time. Thus i chatter is different from forced and free 

vibration of the machine tools and cannot be predicted 
bef or ehand. Obvi ousT y in the design stage of machine tools verv” 
little measure can be taken against chatter . Chatter is mostly 
r elated to the cutting process which itself is a random phenomenon 
with TTii nute oscillation of force > depth of cut > feed etc. due to the 
anisotropic behavior of the workpiece material and many other- 

reasons. 

It is sometimes useful to include proper damping and 
stiffness in the weak parts susceptible to chatter . But the 

technique being passive ,can not adap?t itself to the inconsistent- 
change in system behavior. Perhaps an ori-iine control system should 
be the best in dealing chatter due to its capability of taking the 
randomriess of the process in full consideration with the help of 
continuous monitoring and correctirig device of’ the system 

response. 

Further iriore chatter is generally not a great concern during 
rough cutting oper at i on . Onl y during finishing operations chatter- 
must be eliminated in order to ensure a good surface finish. 

In the following article some of the recent active control 
techniques to reduce chatter have been discussed. 

1.2 Review of the previous works: 

B. R. M Ac NANUS [11 introduced a new technique of pr-ovidiriq positive 
damping in the cutting process itself through dynamic heading to 
eliminate chatter.lt was distinctive in nature with respect, to the 
trend of introducincf damping in miachine tool structure. An 
al ter nat i nq cur r ent was gener ated f r om the el ectr i cal s i gnal i r om 



"the di spl acemen't irioni toring t rans due erC measuring t.he reiat.ive 
displacement between the tool and work piece!) and this current was 
used f'or dynamic heating of' the workpiece. The frequency of' dynaridc 
heat supply matched the frequency of chatter with proper phasing 
and recti fi cati on. Besi des ja steady component of heat was also 
appl i ed. TTie closed loop response of the system showed progressive 
reduction in amplitude with increasing feed-back gai n. Measurements 
of stabilization characteristics proved the interdependence of 
maximum current required for stabilization and phase of dyriamic 
heat oscillation with respect to the tool vi brat i on. The utility 
index had been defined to be the maximum current and its 
minimization was of importance. The basic mechanism of the closed 
loop stabilization technique is the super iiripcsit ion of a force 
oscillationCdue to thermally induced shear -angle variation and 
periodic variation of the shear strength of the metal!) on the 
dyrianuc force variation due to non-steady cutting process » with a 
proper r el ati ve phase. 

T.R. COMSTOCK yf.S.TSE and J.R. LEMON [ 2 ] developed a 
feed-back control loop that i nstantaneousi y controlled the 
tool —wor k r el ati ve di spi acement . I n CMI [ CONTROLLED MECKA14I CAL 

IMPEDANCE! technique the relative vibration between tool and 
workpiece was sensed and fed back through a dif ferentiai amplifier 
^ controller and servo valve to actuate a hydraulic actuator for 
properl2/ positioning the tool with respect to the workpiece. They 
made the following analytical 

conclusions: 

1. CMI can improve stability of the single point cutting pirocess 

£.If servo valve natural f requeneyC wvJ is less than that ox 



machineCwm’J or they match >the CMI process fails. 

3 . For a gi ven vai ue of C wv/wm*J ,Ckl ywvJ =0 . S is t he opt i mum 
point »kl being loop gain. Greater the value of Cwv/'wriiD for a given 
Ckl/wv!) ^greater the improvement in stability. As- Ckl.-'w!) 
approaches 2.0 >the servo positioning loop becomes unstable. 

4. Experimentally they showed that with the CMI application 35 
times improvement in stability C represented by t,he value of 
Ckc/kmD^kc being cutting stiffness^km static stiffness of the 
structure!) can be achieved. 

C. L. NACMTIGAL and N.H.COOK [31 used the siirdlar technique 
.Sensing the force variation and feeding the signal through 
control network to an el ectrohydraulic-tooi -servo system they 
improved the stability condition during cutting. They provided a 
basis for designing the control sy’^stem for optimum perf or mance. TTie 
following design objectives were fulfilled; 

1 . Increased M. R. R with improved stability. 

2. Better transient response to disturbance. 

3. Increase in apparent static stiffness of the system^ and 
thereby, improvement in the system^ s tolerance capabilit2/. 

4. Suppression cx“ input forcing functions such as spindle 
imbalance , foundation vibration etc. 

The cutting force was selected as the measured variable 
because of its certain advantages over displacement measurement 
scheme -such as: 

1, The force transducer is isolated from severe cutting zone 
envi ronment . 

2. Cutting force is not dep»endent on workpiece geometry. 

3. once the force transducer is calibrated it can be used for 
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any material and geometry. 

Two different actuator locations were considered: 

1. Within the loop established by machine-tool —work piece 

2. At some point on the machine structure outside the 
previously mentioned loop. 

In view of the design requirement that the active control 
system must be capable of increasing the static stiffness ,the 
actuator had to be placed in series within the cutting force loop. 

Because of the unknown variability in the dynamics of the 
machine-tool system > the controller parameters were chosen to 
accomn'iodate some rrdsmatch between structure and tool servo 
dynami cs . 

L. P. BEILIN et al 141 suggested the transfer functions for the 

s 

principal units in systems for stabilizing the force parameter 
during cutting and gave specific recommendations on choosing the 
type and design of regulator with the information on cutting 

frequency > phase » ampl i tude . The stabi 1 i zat i on pr ocedure was 
controlling the feed. But he felt about the need of a two-channei 
system where the first channel ensures the stabilization of the 
force parameter under static conditions whilst the second 

stabilizes this parameter during sudden changes in load. An 

optimization procedure for calculating the optimum signal input to 
the feed-drive controller was also provided. 

M, S, GOF^ODETSKI I et. al C 5 1 discussed about the adaptive 

control systems for- stabilizing the force parameter hy 

controlling the feed. He showed that the problem of producing a 
stable system with a small static error wheri gain of the 
cutting-process can change widely >can be solved by: 
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1. producing a. static regulation system with high gain > 

2. introducing a nonlinear element into the static system 
r egul at or and 

3. by producing an astatic system to ensure zero error for any 
value of regulator gain. 

He took into considerations different constraints of feed 
, power and voltage to control feed-drive. He discussed about 
different dynamic and static characteristics of the system in 
different cutting conditions. 

R. G. KLEIN, and C. L. NACHTIGAL [ 61 attempted to control the 

boring bar chatter. They introduced a theoreuical basis for active 
control system. Their analysis includes the practical 
consideration of principal modes in boring bar model . A response 
function of the boring bar subject to dynamic cutting force is 
also given. TTie state variable used as the control signal is 
cutting force which contains static as well as dyTianuc 
inf or mat ion. They considered that due to the large 

length-to-diameter ratio of the boring bar the torsional and 
bending frequency are widely separated and are uncoupled. Slope 

control actuation at the base of the bar is used .The control 
signal is conditioned through an analog ee.ntroller which in turn 
drives an eiectrohydrauiic position servo ;the servo being 

connected to the bar could provide a slope control input. 

Simulation of the control system model gives the following 
results: 

1 . The control system has infinite static stiffness, 

£. The lYiaximum d>Tiarrde gain of the controiied system is less 
than that of the uncontrolled system indicating less 
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susceptibility to chatter for the sairie cutting stiffness. 

3, The control system has a greater minimum real part which 
indicates that machining rates are possible under stable cutting 
conditions. 

It was found that the experimental C7] boring bar set-up did 
exl'iibit twci principal modes but the controller could be designed 
independently of these miodes. Cutting tests were performed using 
derlin plastic on a lathe equipped with a pivoted boring bar ^ which 
was being controlled by electrohydraulic servo.lt was found that 
the theory established did in fact predict qualitatively the new 
s t abi 1 i t y bor der line. Wi d th of cut was i mpr oved by a f act or of 
twelve and equivalent static stiffness was increased without 
bound . 

TOmO HATSUBAP^A.HISATAKA YAMAMOTO and HIROSHI MIZUMOTO t S 3 
inade a coiYiparati ve study of the effect of mode-coupl ing and 
regeneration on chatter stabil i ty. The results obtained are as 
■foil ows : 

1 . Chatter stability/ liirdts evaluated by the theory of 
regenerative effect are lower than those obtained by the theory of 
mode-coupl i rig i n an^/ condi ti on . 

S. As experimental results agree well with the stability 
limits of the regenerative chatter vdbration^ i t can be eoncluaed 
that boring bar chatter is domdnated by regeneration. 

3. It becomes clear that the side cut boring bar can hardly 
impart any marked improvement on chatter stability. 



1.3 OBJECTIVES OF THE PRESENT WORK: 


The present, work is in the 
field of on-line control of machine tool chatter . Bor i ng 

operation ol ten encounters severe vibration due to its lone? 
overhang ie less static stiffness. In the past much attention has- 
been given on improving the boring bar dynairdcs during 
cutting. Most of them are passive in nature and very little has 
been done to suppress the chatter actively. Increasing damping and 
rigidity can help in reducing vibration of boring bar , but those 
being passive in nature canM^. deal perfectly with the randonmess 
of the dynamic cutting force. An on-line or active control is 
preferred in this respect, as it is capable of taking the 
randomness in vibration pattern. So far miany state variables , such 
as f orce, rel ati ve displacement etc.,hav'e been selected for the 
active control during turning, boring etc. In almost ail the cases 
electrohydraulic servo is used as an actuator . Tlvough 
electrohydraulic servo can give suf ficientl y good results, its 
high cost should make the researchers investigate into an 
alternative actuator which will be of low cost.Ari electromagnetic 
exciter may replace an electrohydraulic actuator as far as cost is 
consi dered . Thus the potentialities of an eiectr-omagneti c exciter- 
in controlling the chatter should be a matter of 
i n ves t i ga t i on . F ur t her mor e , no c orripar at i ve s t ud i es bet ween t he us e 
of different state variables exist. 

The objectives of the present work are as I'oliows: 

1 . Mathematical modeling of the uracontr ol i ed and controlled 
cutting systems . 

Controlled systems using displacement , acceler at iori and force 



monitoring transducer are to be compared theoretically. 

2. Design of an el ectromagnetic exciter and making a 

theoretical analysis of its dynairdcs. 

I 

3. Design of a feed-back control system for^the stability of 

) 

boring operati on. The control action is based on the following 
principle: sensing of a state variable pattern of the boring bar 
during maching with a transducer and this signal j after- 
appropriate amplification is to be back to the electromiagnetic 
exciter with an opposite phase. 

4. Experimental ver i f i cati on of the proposed control system 
model in real time machining. 



CHAPTER II 


MATHEMATICAL MODELING OF THE SYSTEMS 

So f £ir iTiany r<&S€*a.rc*h worke?rs ha.ve allefinpled to control boririQ biS-r 
chatter .In most of the situations the workpiece was taken to be 
ri^id and systems were designed to combat chatter arisincf out of 
mode""COUpl i ng and^'or regenerative effect. In the present work 
initially those principles have been followed except the 
mode-coupling effect which is less serious in comparison to 
regenerative effect. Less attention may be paid to mode-coupi i ng 
because of the consequence of the research carried out by TOMIO 
MATSUBARA , HI SAT AKA YAMAMOTO and HIROSHI I MIZUMOTO i S 1 . They 
Proved both analytically and experimentally that stability limit- 
calculated by regenerative chatter theor;/ is lower than that 
obtained by the mode-coupling theory at any condition. By stability 
liiYiit they meant the value of real part of the minimum dytiamic 

compliance of the elastic system under unsteady cutting 
condition. Though the occurrence of coupled oscillation in ail 

situations can't be ensured^ but it can easily be suppressed ^ i f it 
occurs»at least to acceptable degree hy properly orienting the 
boring bar. Thus >s.ny system designed to control regenerati ve 
chatter will be the most effective one and is expected to control 
any other types of chatter. 

As discussed in the literature review , so far 

el ectr ohydraul i c servo has been widely used in chatter control 

ci rcui ts. But the need of further investigation into the propensity 
of el ectromagneti c exciter in chatter control system is obv'ious 
due to its low cost compared to above merix-ioned el ectr ohydraul i c 
servo. In the present ehap*ter the uncontrolled and controlled 



system regarding chatter will be modeled and simulated keepiing in 
view the stability of the dynamics of cutting and its interaction 
with the elastic system of the tool . the relative advantages and 
disadvantages of the use of different state variables will also be 
discussed. 

2.1 MODELING OF UNCONTROLLED SYSTEM: MODEL-1 

The present modeling is based on 
the assumptions that the workpiece is absolutely rigid and does 
not deflect under cutting force > where as the tool is non-rigid 
» responding solely to the dvmamic cutting force. 

The well known equation representing the di/namic cutting force 
is gi ven by 

FCt‘J = F. + dFCtD C13 

u 

where dF is small oscillation of cutting force Cin thrust 

direction !)arising out of some short term disturbances which are 

/ 

impulsive in nature and is the static cutting force component 
in t hr ust di r ec t i on . Thei r act i on on the depth of cut var i at i on i s 
i ndi r ect . Fi r st the cutting force is affected and subsequently 
causes a change in depth oi* cut . Conventional ly the instantaneous 
chip thickness is given b 2 y' the following relation 

uCtD = u- - [ V Ct’J - u.v" Ct -Tj ] C2D 

o 

yCtD being displacement of boring bar under dyTiamic cutting 
force in the chip thickness direction yfj being overlap l actor i. i is 
time taken by the workpiece for single revolution > uncuL 

chip thickness. 

Variation in depth of cut^ thus* is written to be 

ouCtI) = uCtO - u.-. C 3 j 



tD = - C yC VJ -/j . 2 /C i -TJ 1 C 41) 

“tr ansTor mi ng equation C4J in the LaplcLco don>.o. ?_ n Cin relaxed 
conditioni) one gets 

6UCs2i = - YCsj. 

Thrust force associated with change in chip thickness is 
given by 

dF Csj = ~ K . Ycsj . 

1 c 

and force due to penetration resistance is as follows 

dF Cs5 = .s.Y CsD C7j 

t£ d 

^‘c cutting stiffness in chip thickness direction,.K^^ is 

penetration coefficient. 

Thus^ change in dynamic force is 

dFCsD = dF CsD dF...Cs’j 

1 Ca 


i - ;Li. e 


- i . s 




1 “ ^ . e 


~T. s“ 


COj 


= - 


“ i . s 




K 


d* 


= - YCsj. 



-T. s. 
u. e J 



CBj 


The block diagram representing the interaction of elastic 
system and cutting process is shown in the fig. [£.11. In the 
diagram is the direct response function of the tool under- 

cutting force at tool tip. The analytical expression for G^ can be 
obtained as follows. 

2.1a Determ nation of : 


The boring bar can be assumed to be a 
cant i 1 ever beam r es pondi ng to the var i abl e cut 1 1 ng i or ce i n the 
foil o wi ng wa y 

ip . C't / - X . C x3 C Qj 

J J 

j “”1 t clj v d ... 



yC t !) 



Shape function or normal function for 


Where = 

cantilever beam for it's j th mode of vibration 

and 0jCtI) is certain time function and may be obtained 
through the following equation 


- 7 — ] ■* i 

for a force FCID act-ing on 
distance L from the fixed end 


FC t“J 
A.r.l*' 



x=L 


the boring bar of length 


C i CO 


1 f at a 


where 


a 


E. I^q 

a:p " 


As it has been discussed that coupled oscillation is less 
serious compared to regeneration and can be avoided by proper 
desi gni ng E Appendi x-A] i t " s ei feet has not been t ak en i nto 
consideration. Only modes in the chip thickness direction will be 
consi dered. 


X. = coshCfCxDI) 


cosCf CxjI) 


- cf. si 

^ I 


i nhC f C >0 D -s i nC f C xl) J 


C113 


where fCx’J 


X . 
1 


i 

X being the co-ordinate axis along the length of the boring bar. 

If the modes are widely separated the higher modes can 
conveniently be neglected without seriously affecting the result, 
particularly in the chatter phenomenorl^ where in most of the cases 
first or principal mode gets excited. 

For first mode of vibration of the canui lever O.TBAOQ 

and A.^ = 1 . SYS 


Transforming equation CiCO into complex domain we get 





r- ] 


= FCs:) 


A. J-- . 1 1 i x=L 


C i 3I> 


Considering damping in the system equation Cl 33 takes the 


f ol 1 o wi ng f or m 


C-. . -Hi- 

. . r £ A. >■. 1 * • -^4 -j 

^1 L g J 


FCs3.— T^— - CX/j . 

A. 1 i ’ X=i 


where D is the damping per unit mass of the borinq bar. 


It can be shown that 


X L s , X j = 


a . A. . 
1 


c i to 





C 1 73 


Thus 


G^Cs3 = 


YCs^^3 

'FCs,i3 






■ EQS. 


E. I . X, 


= 


wher e 



2.2 MODELING OF PROPOSED CONTROL SYSTEMS: MODEL -2 


The main problem of 

control ‘is to select an appropriate state variable C quantity to be 
moni toredi) . The sensing of relative displacement between the tool 
and the workpiece should be the best in this regards as the 
corresponding signal is capable of providing the information about 
the static and dynamic deflection both. Though during boring the 
positioning of the displacement sensor into the bore is not very 
easy > still technological contributions to the small size of the 
sensor may get rid of this restriction. In this model position 
measuring sensor has been tried . 

Relative displacement between the tool and the workpiece is 
measured in the chip thickness direction and the signal is fed 
back through an amplifier circuit into the electromagnetic exciter 
; in the way the phase of the signal has been i nverted. I ntui ti vei y 
speaking two out of phase vibration riiay counteract resulting in 
r educed vi br at i on 1 e vel . 

TTie complete block diagram of the control system is showTi in 
the fig. [2.21 

Dynamic gain of the transducer and the amplifier circuit can 
be multiplied and expressed in the forra of a constant K - 
transfers the signal to the force in the exciter. is the 

transfer function describing the dynamics t rom the exciter- 
position to the cutting edgb at the tip of the bar . Tne exciter-xdue 
to its larqe size^can expediently be placed near the base of the 
bar ^ rather than at the tip. 



S. 2a Determination of G . ; 

et 


dynamics of the boring bar 


and can be expressed as 


G 


et 


y Ts'j 
F Cs'J> 


e 

where Y^.^Cs5 is the displacement at the bar tip due to excitation 

the exciter position with the exciter force F Cs5,in the complex 

e 

donrtai n . 

The rest of the procedure is same as the derivation of . The 
only difference is that the excitation point and the point where 
the displacement is to be measured are different. 


Tlius > 



XO , .CX'j . 
1 x=l e 1 x=l 


EOS. [-ilg 


w. 



C20j 


2.2b Dynamics of the exciter: deter md nat ion of 

The exciter is of 

electromagnetic t>pe , consisting of two pernianerit electromagnets- 
Cl & 3D and another electromagnet C2 j being, fed with an a. c. 
signal ^ as shown in the f ig. C2. 3j . Two permanent, electromagnets are 
fixed rigidly and the other one is free to move. 

A £&7~nBrcLliia&d of multiple exciLCtion flli : 

Three coils 


are supplied with current i^ at the voltag 


"I r 


. Cci 1 s have SELb‘ 


INDUCTANCE L.. and MUTUAL INDUCTANCES M i M,. .yJlt'J & f.CfJ are 
i 1 u t? «=■ 

t-he displacement and the excitation force respectively. 



Voltage equations are as follow: 
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Electrical energy input in time dt 
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Field storage is given by 
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Energy balance equation: 

Mechanical input -i- Electrical input = Mech. storage i- field 
storage + heat. 

or > “ Mechanical input Mechanical storage Heat = Electrical 

input - Field storage 



or » M^chanica.1 energy output, + Heat 


- Vk. = 

L, 1 ‘ 


i dL + i ^ dL^ . 
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Change in CL, for a chanae in x is zerj:3_„i_as L, , i L^- 

^ 11 33 “ 11 33 

changes by same amount but opposite in sign. Similarly L,.,^ is also 

tZisZt 

invariant to x . 


Mow dv = “ do, = do.. 
" e 1 u 


and M = ~ 


Lt* « - M . A 
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and M - = 
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/j-.M .A 
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where A = area of the core 


> 63 ^.-^ = gap between the magnets 


iS 



N = 
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no. of turns in the magnets 
Magnetic permeability in the air 
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for a constant d. c i 


1 


. u. . H , A 


when & K 


r- e— . tJt . . -I 

_ ■ o c 
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IN Laplac6r doniain 


F C si) 
e 

I -Csl) 


= K 


L do J 


Tliroughout the derivation it has been assumed that 

magnetization is uniform and linear to current .But this is not 
true for low as well as high current region Cdue to 

saturationD . Wi th certain modification .such as supplying a d.e 
bias to the a.c> magnet the operating point may be raised to a 
1 i near par t [ see app^endi x-Bl . Wi th thi s modi f i cati on the anal ;/si s 
changes very little >only a static term will be added to x'orce 
equation . 

Thus » the bi asi ng cur r ent bei ng I ^ ^ 


f = 
e 
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M . A 


e 




W- 

u 



h& k ept- 


But- as tar as dynamics is concerned the static part may 
aside .The another advantage of using the d. c bias is to provide a 
static force against thrust force during cutting^ thereby the 
static deflection will be irdnimized. But this deflection is not 
controlled actively as for each cutting condition the amount of 
d.c bias is to be changed. Thus » equation CS6D is valid only for 
dyriamd c condi ti ons . 

EXie to the inductive load of magnet at the output of the 
power ampl i f i er ci r cui t the cur r ent i ^ will aYi&Lng& wi th f r equency 
for a definite output voltage at amplifier terminal. 

The transfer function VCs!) can be determined in the 

f ol 1 o wi ng way . 

The magnetic coil is a parallel con±3i nation of 


inductorCL ^!>and a resistance CRD. From the Fig. C2.4] we get 

fSiS , . 

di 


L 


, , ^r; = V = R . i , 

dt b 


In Laplace dorriain the equations become 


VCs'J = L^^s.I Cs-J 


Cs rt r”H \jr O "i = P T C s "3 


then I .Cs5 = I Cs'J + I, Cs 
c£ a b 


:> = vcs'j. [-4 

L ^ ^ 


R 


C zihsJ 


F CsD 


= G Csj = K 
e e 


t,.,.s 


Thus 


VCsD 


R 


c sq;;:- 



2.3 ACCELERATION FEED-BACK CONTROL: MODEL-3 

Apart from using relative displacement as measured variable >the 
acceleration may also be sensed without ar-iy technological 
1 i mi tati ons . Tlie present model deals with the control system where 
acceleration has been taken to be the state variable .Tnis 
modeling has been done for the purpose of the reveal inq the merits 
and demerits oi this scheme compared to other control schemes such 
as systems using relative displacement or force as state 
var i abl e . The onl y di f f i cul ty that may ar i se i s that accel er- at i on 
signal does not contairi any' im’orrriation about ionq terrx\ static 
deflection. As a result the control s^/stem will not able to handle 
the static deflection actively' .But^as it has been discussed > the 
d. c bias in the a.c magnet may' take care of the static deflection 
, at least passi vel y'. An accel erometre may' be used to sense 
acceleration at the tip of the bar ie at the cuttinq edge. 

The complete block diagram of the proposed control scheme has 
been shown i n the Fi g C £ . 51 


2.4 FORCE FEED-BACK CONTROL ; MODEL -4 

In this model cuttinq force has been taken to be the quantity' to 
be measured. Sensing of the force has certain advantages than the 
sensing of relative displacement or acceleration. Firstly, force 
carries the static as well as dynamic information and secondly' 
placing of the force transducer in the hole is not 
j ob . 


a difficult 



Fig. [2.6] shows "the complete block diagram of the above 


mentioned control system. 


2.5 SIMULATION STUDIES OF THE PROPOSED MODELS 

Tlie main objectives of any chatter -control -system is to stabilise 

the cutting process and its interaction with the elastic system of 

the machi ne*”! i xtur e— t ooi — v/ork pi ece s\--’‘s tern. The models of the 

control system ^ descr i bed so far must be capable of tackling the 

i nstabi 1 i ty of the uncontr ol 1 ed system C MODEL-i j . For si rnul ati nq 

the models proper values of t*he parameters ^such as K . etc. » 

c o 

f 

are needed ^ which are not readily available and require lengthy 
experimentations, But some representative values Cused in 
literature!) will judge the properties of the systems very 
effectively. For a comparative studies of the models the following 
values have been used. 

l.A 45 cmi. long side cut boring bar of 3x4 cnwcross-secti on 
has been selected . 

The natural frequency of the bar for its fundamental mode of 
vibration can be calculated by the formiula 


c. . 

^ -A-i 

’"'■1 = TI — ^ 

I 

where = 1.875 ,3.s has been discussed earlier. 

£. System damping = 0.06 ^determined experimentally. 

3. Cutting stiffness K = 100 kg-'cm. C ASSUMED^ 

“■ c 

4 . penetrati on coeffi ci ent i s nothi ng buu a suabi 1 1 zaui on 
factor j built in the cutting process itself. I t^s value can be 


represented by the formula 



500 


1 = 
d 


C .K 
p c 


where = .117 Cmostly used in the literature’^ 


spindle of the 


jYiaohine = 


5. resistance of the magnetic coil R = 3 0 

6. inductance of the coil can be calculated bv” the formula 


W - = 


A. M . .u _ 

c • r . 


. 1 0 Henr v 


where A = area of the core =3x4 cm" 


1^ = length of the magnet =6 cm. 
N = no of coils 7 cm. = 116 


= relative permeability of magnetic 
nriat er i al =1 500 


7. d. c current in the magnetic coil i^= 2.5 amp. 

& . mtagnet i c per mieabi 1 i ty = 10 ' weber r-^’amp . m 

9. gap between the magnets = O. 5 cm 
1 O . over 1 ap factor p = 1 

. 6 . 

11. elastic modulus of boring bar miaterial =2xiu kg--cm. 

12. specific mass of boring bar material = 0.0076 kg.-cm'^. 
2,5a STABILITY CRITERION : 

The convent i onal way of ensur i ng s tabi 1 i t y is to raise the mi ni murrt 
real part of the dynamic compliance of the machine tool above -0.5 
^ f or full regenerative chatter Cfj = 1 ^.Though this sT.a.bility 
criterion can predict absolute stability ^ but it is incapable of 



f or 003.51.1 ng the relalivo st,abi 1 i t.y. Thi s short-comi riQ ca.n bo 
overcome by newer technique of analysing stability 
[ lai . Regeneration spectrum theory is strongly able to ensure the 
absolute as well as relative stability of' the system [ append! x—C 3 . 

If PC si) — QC si) . e = C> i be for in of characteristics equation 
of the system and be the real part of the least stable root of 
that equati oru then in the frequency Cwl) domain the following 
relation can be written 


RCoi..^+ jw I) j = 


I Oc' o( > -t- j w 1) 

1 o 

P CcY^ -t- jwl) j 


Now if jR Cot_+ jwD i <i »the system is stable absolutely 
‘ max O * 

and maqnitude of R will be the indicative value of the relative 

max 

stability. Thus the system giving tP. Ca.-r jwD i =0.5 will be more 

stable than > for example^ iR Co(.i- 'iwl)!= 0.7 . 

» max O ^ 

Following the above theory the proposed models have been 
analysed. 


2.5b SIMULATION OF MODEL-1 

Overall transfer function oi' the uncontrolleo system is 


O. LSJ 


C s D = 


GCsj K C±-u. 
t c 


-T, s., 


j t-: . . s 
d 


Character! sti cs equation is 


-T. s. 

1 -i- G, C sl) . K .Cl -u . e D G c s j . k . . s - 
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L -31 j 
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Then 


RCs5 


u.K . G, Cs.'J 

c t 

i + G, C s5 . K + G ' . K , . s 
t c t d 


C 3S J 


In the frequency domain putting s = + j . w ^we get 


u.K . G^Ccy., + j.w'J 
e t o 

RC'ot..,+ . j - w'J 1 = — — 

A plot of j • i regeneration spectrum oi the 

svstem for the assumed values of the system piarameters . thi s is 
shown in Fig. C2.73 . 
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2.5c SIMULATION OF MODEL -2 

Closed loop transfer function of the displacement feed-back 
system i s 
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• e T.. o 



and 


BC j . w!) =1 j - Wj • wl3 j -c 

K . C j . «:> . GjL Q^.^+ j . wD C 38‘J 

Fig. C£. 8] shows the cor responding regeneration spectrurri ,f or the 
value of gain K= 0.1 


2. 5d SIMULATION OF MODEL-3 

Closed loop transfer function of the acceleration feed-back 
syst-em is as follows: 
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Correspondi ng regenerat-ion speciT-uru is shown in iig.iS.Ql 



for K 


=0. 1 


2. 5e SIMULATION OF MODEL-4 

Clos6?d loop LrcLnsl luncLiori of "the control syst-Cfm with lorci^ a.s 
a st-ate variable is 
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In the frequency domain we have 
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The corresponding regeneration spect-rurn nas been shown in 
Fiq. [8. 101. 



2.6 RESULTS AND DISCUSSION : COMPARISON OF MODELS 


It is clear from the theoretical regeneration spectrum for 
the above four models that it is possible to stabilize the 
unstable cutting process and elastic systein interaction ^vith the 
help ol proposed control scherae.All three types of* control actions 
are capable ot tackling the instability after a certain value of 
amplifier gain. But due to the difference in the response of those 
control systems to gain >ail are not equally competent in 
practical environiYtent . Acceleration feed-back system can show good 
stability condition ai.. very low value of gain CID Cf ig. [ 2, 11 ] j 
while displacement feed-back system requires very high amplifier- 
gain for stability C Fi g. [ 2, 123 j . Force monitoring scheme is also 
dependent on high value of gain for stabi 1 i tv'. Fur t h er mor e ^ the 
displacement feed-back and force feed-back system showCFig. C 2. 1 3 3 ‘J 
an abrupt worsening of stability up to a certain value of gain and 
after a very high value of gain they stabilize. In electrical 
operation high gain functioning should always be avoided ^ because 
any spurious signalCnoisej will be amtplified and distort- the 
signal proper. More over the high gain electrical insirurnent for 
liner operation may add cost to the system .as acceleration 
feed-back system becomes stable at very low value of ampiii'ier 
gain it can be preferred to the other schemes ^ de-spite of its 
incapability of reducing high order static dei'lect ion. But in this* 
scheme the static deflection can also be controlled , ihis 
di soussi on has been made i n detai 1 i n the seoti on 4.-3. 

The theoretical stability chart for unconr.roi led and 
acceleration feed-back systemis has been shown in the 



Fig. [S. 143. The figure reveals t-he improvement, in the st-abiiity 
limit, in speed domain. The ligure does not- reveal the true piiture of 


what i s 
cutting 
showing 


happening practically >as the dependence of' K on the 
speed has not been taken into account. But the objective of 
the improvement in the stability is fulfilled. 







:u2. 2 BLOCK DIAGRAM OF DISPLACEMENT FEED-BACK CONTROL SYSTEM 

C MODEL- 2 :) 









\X N \ N 


M 




f 1^. 2. 3 


S— 


xJ 



'‘f^t 




ARRANGEMENTS OF MAGNETS 


IN THE EXCITER 




fig, 2.4 EQUIVALENT CIRCUIT DIAGRAM 
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13 FORCE FEED-BACK SYSTEM 
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CHAPTER-III 


DESIGN AND CALIBRATION OF THE EXPERIMENTAL SET UP 

In cha.p’ter-ii a compar- alive study of acceieralion ^ displacement- 
arid 1 orce feed-back systems has been made. The investioatiori 
revealed that acceleration I'eed—back system is highly stabilized 
at very low value of i eed-back path gain compared to displacement 
and force feed-back control system. Due to certain advantages , as 
has been discussed earlier ^ of acceleraii on feed-back control it 
has been selected for experimental investigation . 

3.1 AN OVERALL DESCRIPTION OF THE EXPERIMENTAL SET UP; 

Fig. C 3.1] shows a schematic diagram of the whole set-up ^ which 
consists of an accelerometre for the purpose of rrioni toring the 
aocel er at ioru amplifier circuit » and the electromagnetic actuator. A 
45 cm. long rod of En-steel with 3 cm dia and two milled 
flat -faces C fig. -3. £3 has been used as a boring bar .For the purpose 
of holding the end of the bar is made tapered and fitted into a 
tapered hole . Besides » it is held tightly back with help of a 
nut. As it is discussed earlier ^the bar is set in such a position 
that two milled faces remain perpendicular to the machine bed 
Censuring ^ [see appendix Al It to avoid mode-coupling ei 1 ect 

in chip thickness direction. It is not possible to place the 
exciter at the tip of the bar ^ ie at the cuttii’ig edge. al thougn it 
is the best place from theoretical point oi' view. Because oi these 
technol ogi cal limitations the exciter is placed very close to the 
base of the bar; the excitation point is 10 cm awa^/ from the iixed 



end. Th^ exciLer’ C Fi g, J. szs] consi st-s of a.n 6fl eciroiTiagnet- fixed on Ihe 
boring b3.r with a rigid damp and placed in bet- ween “two 
el ecLromagnel.s of const-anl. pol ari by. Tlie el ecbromagnebs of coristanb- 
polarity are fixed on a rigid structure to avoid their vibration. 

An accel er ometr e is fixed at the tip of the bar ie near the 
cutting edge with the help of a magnetic base. Tlie output of the 
accel er ometr e is connected to a signal condi ti oner C charge 
amplifier!) . One of the output signals from the signal conditioner- 
goes to the power amplifier circuit and another goes to a single 
channel of a Hi-corder recorder. The output of the power amplifier 
is fed to the electromagnet fixed on the boring -bar .Tine propter 
connection has been made to maintain a relative phase between 

ihe accel er ometr e signal and the force iri the exciter. 

3.2 DESIGN OF THE EXCITER: 

Whien an electromagnet fed with an A. C is placed in line with a 
permanent magriet or an electromagnet of constant pol ari ty ^ wi th 
either of the two being fixed ^the other magnet will start 
vibrating at frequency of the supplied A. C.The dvTiamics of the 
exciter has already been discussed in chapter-ii . Elect romtagnet of 
constant polarity/ Csupplied with D. CD is preferred to per-rrianent 
magnets because it is always possible to increase the strength of 
magnet by supplying more current in the windings ^ according to 
necessi ty. Fig[ 3. 3} shows the arrangements of the miagnets.Two 
electromagnets of constant polarity are used to exploit the 
following advantages . Fi rstly >this arrangement will obvious!}-' 
increase the excitation force and as a result the feed-back gain 
will also increase. Ori the other hand the excitation force wall 



bear a linear relationship with the signal current. If a single D. C 
magnet would have been used the force equation of the exciter 
becomes 
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dM 

dy 


and L . Sc no more remain invariarit- t-o v . Conseauenti v f’ollows a 

X X eZicZ. iCj * 

quadratic relationship with current pleading to nonlinear dynarracs 
of the exciter. 

The core of the electromagnets are made of transformer steel 
laminations .The size of the core is 3x^ em^ X 6 cm. For winding 
19-gauge Cu wire has been used .Each magnet consists ox 700 
windings .Besides » the A. C magnet is provided with another IQO 
windings *for D. C biasing. This biasing becomies necessary for- 
raising the operating point into the linear part of the 
magrieti zati on curve C see appendi x-B3 . 

The gap between the magnets is maintained at Smim. 

3.3 DESIGN CRITERION OF THE EXCITER: 

The exciter should be capable of providing enough force to excite 
the borinq bar as well as it must have frequency response range 
above the probable chatter frequency. The excitation force can be 
increased C before saturation of the core takes placeJ either by 
increasing the number of turns of the ruagnetic coil or by 
supplying more current into the coil. The eft eet of increasing the 
turn is more^the excitation force being proportional to the square 
of the number of turns. But an increased current will produce 
more heat affecting proper magnetizati on > as heat is directly 



proportional to the square of the current in the coil. By 

increasing the number ot turns the magnet will act as a choke and 

will filter out the high 1 requency oscillation .A contradict or v" 

effect that will come into picture is that .larger number of turns 

will increase the inductance of the coil .and that will offset the 

relative phase of current in the coil and applied signal 

voltage. If it is assumed that magnetization does not laq behind 

n 

the current [ appendix—B j .then also the ISO ” out of phase between 
the signal voltage and applied current in the coil is not 
mai ntai ned. As a result the stability coridition will deteriorate 
.So the number of turns should be the design criterion of the 
exciter. Fig. [3.51 shows the effect of number of turns on the 
stability, It can be concluded from the above discussion and from 
the nature of the curve in fig. C 3. 53 that number of turns should 
not be too low and very high.Tliis is the basis of selecting the 
number of turns to be 700 in the present experiment. 

3.4 CALIBRATION OF THE EXCITER: 

The fr-f^quency response pattern of the exciter is determined 
experimental! y. For this purpose .boring bar is excited fay passing 
a sinusoidal signal of definite voltage level Cp-pD and varying 
frequency . to the exciter, a signal gei'ierator is used to provide 
the same signal. The acceleration level Cin mv. I)is measured at the 
tip of the bar with help of an accelerometr-e and digital 
oscilloscope. Fig [3.6] shows the t\pical frequency response curve 
of the exciter. 

Similarly voltage response of the exciter is also obtained by 
varying the input voltage level and keeping the i requency 



constant . Fi g C3.7] shows the voita.qe respor 
for di f f erent frequencies . 


ise cur 




Fig. 3. 1 


SCHEMATIC DIAGRAM OF THE EXPERIMENTAL SET-UP 
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FIO. 3-2 SCHEMATIC DIAGRAM OF THE BORING BAR 









ittr. No. A 4 7.L. 


FIG. 3 3 EXPANDED VIEW OF THE EXCITER POSITION AND THE ELECTRO- 
MAGNET CLAMPED WITH THE BORING BAR 
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FIG. 3 4 SCHEMATIC DIAGRAM OF EXCITER 
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Fig . 3.6.. FREQUENCY RESPONSE CURVE OF THE EXCITER 



VOLTASE RESPONSE CURVE OF THE EXCITER 
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CHAPTER-IV 


EXPERIMENTAL RESULTS AND DISCUSSION 

As it has been discussed earlier* that. regenerati ve chatter- 
vibration is the most severe type of machine tool vibration , any 
chatter control systeia snciuid oe tested for cor^trollino 
r egenerati ve chatter . Due to its low gain stabilization 
characteristics , accel er ati on feed— back systern is convenieril to 
appl y pr acti cal 1 y. X n the present evperi mentat i ori accel er ai..i on has 
been taken to be the controlled variable. 

As r egener ati ve c?iax.ter condition cari coriveni ent i v' be 
obtained during grooving >the proposed control scheme is tested 
for grooving operation as well as for straight turning>ori a 
1 athe . Fol 1 owi ng cutting conditions are selected for* testing: 


TABLE-1 


R. P. M- 

FEED 

C xmirn x^r*ev"j 

WIDTH OF 

.CUT. 

Cimn. J 

1 

OTHER CONDITIONS 

160 

0- 03 

3 

workpiece diameter * 20 mm 


0. 046 

» 1- 

workpiece material. Brass 

64 i 

0. 002 

> » 

mactiiriirig ope rat ions grooving 

40 

0- 07B 

* »• 

- 0 1 
rake angle of tools 30 

40 

0. 03 

> »■ 

1 












TABLE-2 


R. P. M 

FEED 

y 

C mm. /r evj 

DEPTH OF 
CUT 

C mnO 

OTHER CONDITIONS 

320 

0. 03 

0.1 

mac 111 ni ng oper* at ion ; 




or t Viogonal t or- ni ng 

500 

O. 03 

0. 1 



4.1 EXPERT MEMTAL PROCEDURE AND RESULTS; 

To show Ihe? e?t i ecli ve-noss of 1-he propos^fd eonl-roi t^-ehnique boT..h 
eont-r oiled £irid unconlrol 1 ed cut. Ling have been done ,for Lhe abov^e 
said cuLLing condi t-i ons . The experi ment-ai r-esulLs for both 

controlled and uncontrolled cutting are shown in the 

Fi gs . C 4. 1 -4- 1 41 . Due to the non-avai 1 abi 1 i ty of conti nuous 

recording instr ument > i nter rrd ttent recording has been dar\&^Tr'i€i 
recorder has been triggered for SOrns after the interval of 
1 sec. For each cutting condition 2-5 spectrun*is are taken in 
controlled and uncontrolled state. 

It is seen from the controlled and uncontrolled vibrauion 
pattern that the amplitude of vibration during controlled cutting 
is less on an average than that oi the uncontrolled chapter- » f or 
every cuttinq condi ti on. Thi s obviously reflects the p?racT_.ical 
feasibility of t he p^r opo s ed c on t r ol ac i. i on i n r educ i ng c na 1 1 er 
level . 

4.2 CONCLUSION; 


Fr om the vi br at i on patter n 


it is clear that chatter 


vi br at i on 





contains difterent frequencies with variable ampiitudes.lt is also 
seen that during gt’ooving as time passes the arripiitude of 
vibration increases ^ which is due to the change in cuttirig 
condition .As tool penetrates into the material the cutting 
velocity continuously reduces ^ producing higher cutting-stiffness 
value.lt is already established that high cutting-sti f f riess will 
result in more instability. Tlieref ore ^ the vdbration in the 
controlled cutting is also seen to increase with the time >as the 
exper i mentat i on and the^ theory deals with the constant gain. To 
control the system with variable cutting condition a timie varyino 
gai ri > depending on the level of vibration should be i ncor porated 
with the help of a self-adaptive control scheme. 

Because the vibration pattern includes different frequencies 
of different amplitudes ^the magnetic coil of the exciter will 
carry different level of current for each frequency. Though the 
frequency with the highest amiplitude should be of iriore interest 
Cas far as regenerative chatter vibration is coricernedl> > any 
signal of much lower frequency will produce more current and> hence 
,more excitation in the exciter ^giving less priority to the 
frequency of importance [ append! x-Dl . Moreover , different signal 
currents with different frequencies wdll bear • different., 
phase— shifts with the signal voltage. So it is not possible for the 
exciter to react to ail the frequencies equally. After -al 1 it is 
not easy to predict about the behavior oi’ a ruagnet being fed by 
current wi th di f f erent f requenci es C Fi g. 4. 151 . These pr obi ems 
of course ^can be avoided with the help oi a lock— in amplifier 
»with w1"iich only the frequency with the rriaximum amplitude can be 
passed through the exciter .The resulu in tha.!-. case 


woul d have 



been better than the present one. But due to the non-avai 1 abi 1 1 ty 
of the proper hard -ware, this can’t be applied during 
exper i men tat i on . 

4.3 SCOPE OF THE FUTURE WORK; 

The limitation of t?ie present work is that the accelerati on 

feed-back system canM. control the static deflection of the boring 
bar. But high order static deflection can pose problem and resull 
in inaccurate jobs. Displacement- feed-back system is capable of 
controlling the static del lection .So some systems can be thought 
of which will use the advantages of both the systerris ie it will be 
able to stabilize the systeiYi at low feed-back path gain as well as 
capable of controlling the static deflection acti vely. Tliose 
advantages can be included in a double channel system .First 

channel will take care of' the dvTiamic deflection and the second 
one will control the static deflection, a relative displacement 
sensor will sense the vibration and the corresponding signal will 
be bifurcated into two paths. First path will include electronic 
double dif ferentiation circuit and the differentiated signal will 
be fed to the exciter . Second channel will pass the original 
signal and only will adjust the D. C biasing in the A. C magnei. 
» accor di ng to the change i n static voi tage 1 evel i n uhe 

displacement sensor due to the static deflection of the boring 
bar . Due to the presence of the double dif 1 erentiation circuit the 
second channel will behave like an acceleration feed-bacK pai.h ana 
will stabilize at low gain. 

Secondly, a modification in the exciter design can also be 

made .It is seen from the calibration curve oi the exciter that it 



is more sensitive near the resonance frequency of the boring 
bar . Though » generally, chatter frequency is near to resonance 
frequency of the bar ,but it sometimes may be bit away from the 
natural frequency resulting in less sensi ti vi ty. Tlie sensitivity of 
the exciter can be raised in the following way: 

A variable capacitor can be connected in series with the 
magnetic coil and the capacitor can be set to a value where 
resonance of electrical circuit will occur at chatter frequency. as 
a result the response will be better and there will be no phase 
shift between the signal voltage and current. 

The analysis of the above theory is given below: 

TTie modified circuit is shown in the fig. [4.161 

Thie circuit equations are 


di 




In la.pl ace domain equation C4.1I) beeoiries 

L ^s.I Csl) = R.I Csl) = V, CsD 
a hi 

0Cs3 = c^.V^Cs'J 

ICsj = s.OCsJ = I Cs‘J» •+■ I.Csj 

a b 

VCs3 = V Csj VV.Csj 

1 ci 

Fr orn C4.il) & C4.SD we get 


C 4 . £ 1 ) 


VCs’J = R.I^Csj ICs3 

b 

S . Cv 


C 4 . 31) 


Agai n 


and 


R.I.CsD = L^.,.s.I CsO 
b s=:c=i a 


I Csj -t- I, CsO = I CsD 
a b 


Sol vi nq C 4 . 4D & C 4 . 5 j we qet 


C4. 4D 


C4.5D 


I, Csj = — 
b 


T "sD 


1 


C 4 . 6‘J 


Thius 


I C sD = 


[ R. c s -h . s"" 1 . VC sD 

1 1 


E. 




CA. 7D 


In the frequency domain C4.7j becomes 



I c j ■ yj 
VC j . wj 


C A . & j 


J.w - 


RC 1 - ^.c , . w D + j . ^ w 


Putting imaginary part of the r.h.s of the equation l 4.SI) 
equal to zero we get the resonance condition and resonance 
frequency is given by 

.a 


•1 


w. = 


R 


R . 


1-*. 


When is the c'natter frequency and it is fixed for a 

particular cutting condition 


R 


^••1 = 


L . w,. 

1 u 


_ C-* €Z y 

E .w^-4 


will bring the resonance condition of the electrical circuit 


It can be shown that during resonance current will be more in 
the coil ,thari in the previous inductive coil for a fixed voltage 
1 evel . Consequent! y more excitation will be available irom the 
exci ter . 

At resonance peak value of current is 

_ _ . “^'i , , 

I = c P: . - V 

J. 


/ 





VIORATION rATTCRN FOR TMC UNCONTROUUCD CUTTIWe 

spindle rpB « 1 60 , feed*0 . 03mm/rev, width of cut«3«». 



VIBRATION PATTERN FOR THE CONTROLLED CUTTING 


spindle rps *1 60 , feed*0 . 03Bi»/rev, width of cut"3B» 
^ ssplifier gei n» x. »d"* 






3 VIBRATION PATTERN FOR THE UNCONTROLLED CUTTING 
•plndl* rp» *64, f**d*0 . 046B«/r»v, width of cut»3«B. 



VIBRATION PATTERN FOR THE CONTROLLED CUTTING 
Fig 4 A •pindl* pp» *64, f*ed*0. 046mm/r*v, width of'Xut*3««. 
••plifier gain * 6*6 xi*"* 




Fig. -4.S VIBRATION PATTERN FOR THE UNCONTROLLED CUTTING 

spindl* rp« fe«d*0 . 09£«n/r*v, width of cut*3iin. 



VIBRATION PATTERN FOR THE CONTROLLED CUTTING 
Fig. ^.6 spindl# T*pi> / f •♦d* 0 . 092 iB®/fov> width of cut**3B® 
amplifier gain* x»®”* 
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VIBRATION PATTERN FOR THE UNCONTROLLED CUTTING 
«pindl* rpm >40 , f»*d>0 . 03mm/r«v, width of cut«3 
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VIBRATION PATTERN FOR THE UNCONTROLLED CUTTINO 
•pindl* rp» »40 , f**d»0 . OTSRBi/rev , width of cut*3»B. 



VIBRATION PATTERN hTTK THE CONTROLLED CUTTING 
Fig. ^.lOBpindl® rpm >*40 , f«*d *0 .^075i6»/r*v, width of cut«3»». 
••plifier gain 



Fig. 


Fig . 4 




'VIBRATION PATTERN FOR THE UNCONTROLLED CUTTING 
spindle rpm *3£0,feed*0. 03inffi/rev, depth of cutBO.Inn. 



VIBRATION PATTERN FOR THE CONTROLLED CUTTING 
^gSpindle rpm *3£0 , feed*0 . OSam/rev, depth of cut«3an. 
amplifier gain 




u. 


VIBRATION PATTERN FOR THE CONTROLLED CUTTING 
vplndl* rpm *500 , f ••d"0 . 03mm/r*v , d*pth of cut>3nn. 
•itplifior gain ■ S'G 






PHOTOGRAPH OF THE EXPERIMENTAL CONTROL CIRCUIT 



PHOTOGRAPH OP THE EXPERIMENTAL SET-UP 
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PHOTOeRAPH OF THE EXPERIMENTAL BORING-BAR 
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PHOTOGRAPH OF THE EXPERIMENTAL CONTROL CIRCUIT 


PHOTOGRAPH OF THE EXPERIMENTAL SET-UP 



PHOTOGRAPH OF THE EXPERIMENTAL BORING-BAR 
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APPENDIX* A 


Mode-coupling effect is one of the primary causes of the 
instability in the cutting process and elastic system during 
machining operation. Coupled oscillation arises due to the presence 
of variability of the rigidity of the tool in different 
di recti ons . I n case of a boring bar ,this variation in rigidity may 
be due to difference in clamping force in different directions or 
asymmetry in tool geometry etc. Two orthogonal modes of vibration 
will be generated and may be coupled „ ef I'ecti ng the instability in 
the cutting process and the elastic system. This particular cause 
of instability can be reduced by properl 2 / orienting the tooi>ie 
the modes > at least up to a satisfactory levei.lt can be shown that 
in the absence of regeneration and primary chatter the system will 
never be unstable due to the sole effect of mode-coupl i ng »if it 
is ensured by proper designing that the direction of minimum 
stiffness axis lies outside the angle formed by the normal to 
machined surface and the instantaneous cutting force vector. 

Suppose the r i gi di ty el 1 i pse of the tool has red nor axi s al ong 
X direction and major axis along x^. di recti on > as shown in 

Fi g . L A-i 1 . The vi hr ati on ai ong the chi p thi ck ness di recti on i s 

always of major importance. 

Equations of motion along x and x._. directions are wr-itten 

X 


as : 





m. x^ 

k X 

11 

= fCt3. 

. eosC 

ft-ap 

m. x^^ 

£I!( 

+ k . . 

2 a 

= iCtrj. 

. cosC 

tJi 


cutting force fttl) can be formulated as : 


fC-tl) = K" .6uC-LI> - K,.vCi.l5 
c d " 


change- in chip •thickness 

< 5 u>Ct 3 = 


; to — ,u . yC t -TI> J 
Motion along y-direetion can be obtained as Cfig. A-SD 


y = X .cosCot :> ~ x^. .sinCc? j 

i 


agai n 


. ,o 

a, = ot. -uu 
1 d 


X = X, . si nC<:«, I> •*- x^ . cosCo*, I> 
i i S £ 


HoWj if Oi^ is made zero^ 


y=x.^ 


=X^ 


Ca-a 3 




Ca- 4 j 


C a —SI) 


Then the equation of motion along chi ptlii ck ness direction ie 
in the y~di recti on becomes 


m 


or 


. y‘ + . y = ■ |^“yCtO + p.yCt~TI> J ~ K^^.yCtO 


. c os C fTj C a -SI> 


m. y* K / , cosC fTJ . vC tl^ ^ Ck , -^K! . eos/9j . %>< tl> V/ , u. cos/9. yC t—TI) =0 

d ic c 

Considering system damping the equation Ca-6j is rriodif'ied to 

m. v‘ CC-fr-K /J* . v<^J + Ck, -i" K I> . yCtI> =0 Ci 

" d ‘ la' 

for ^=0 ie in ease no regeneration existsj 


where K = K"* . cos/? 
c c 

K . = K . cos/? 
d d 

Equation Ca-TD reveals that the tool motion is not unstable 


until and unless C+K . t O ^ which is generally not satisfied in 

a 


practice. 



Thus one may deliberately create two distinct degrees of 
freedom by using a side cut boring bar and orient it by making 
= O t to avoid mode-coupling. Instead of using side cut boring bar 
a cylijidrical boring bar might have been used, but in that ease ,if 
mode-coupling occurs due to uneven clamping force ,it is very 
difficult to detect the exact orientations of the modes and hence 


it^s remedy. 




. 1 Ji:;55y ' i>i •: Ji < 

Fig. A-1 



- C.«!-ordiii; ir rrl-i} *;.' 
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Fig. A-e 




APPENDIX-B 


It is Si&&n thsit for f orroma.gri<&ti c materials the magneti zati on 
curve Cf ig. C B-l ] I)is nonlinear .In the theory it has been taken 
that permeability is a constant parameter > which implies that the 
flux and the current i vary si nusoidal 1 y when applied voltage v 
also varies sinusoidal ly. Taking nonlinear lYiagnetizati on 
characteristics of core into consideration it can be shown that 
the waveform of current i cannot be sinusoidal even when flux 
varies si nusoi dal 1 y. FI ux varies sinusoidally when the voltage also 
varies in ti*ie same f as ?ii on. However ^as showri in the fig.[B-2j flux 
is a nonlinear function of current > so that current variations 
associated with a sinusoidal flux variation must be obtained 
graphically by utilizing the hysteresis loop. In the fig[B-3] 
current is seen to be non-si nusoidal and peaks when flux is 
miaxi mum. The distortion in the current is due to the nonlinear i ty 
in the magnetization curve. The current peak can reach an 
abnoririally high value if applied voltage is too large and drives 
the core into satur ati on. I n some eircuri^tances » the harmonics 
introduced by the distorted current can be troublesome. 

It is seen that magneti zation curve is mostly nonlinear near 
low and high values of magneto motive foree^with fairly linear- 
region in betweeri. Applying a signal current centered about zero 
will produce a severely distorted flux density iri the core. One can 
make use of the linear region by applying a fixed iiiagnet-i zation 
force, a so called D. C bias , which brings the operating point 
halfway up the linear part as shown in the fig. . 

But a D. C decreases the inductance. Fig. [ B-oi shows a large 



magnetizing lorce present ^ cor reapondi ng to the large D. C 

current. The al ter nati ng current about the constant current sweep^s 


out a ird nor loop centered about The incremental permeability is 
defined as the average slope of' the minor loop: 


ie > ju . 

1 no . 


AB 

AH 


The A. C component ^thus^ experiences an inductance > given by 



Fig. [B—6] shows the variation in ira nor h^/steresis loop when 

alternating component of the current is kepr- the same buT_ D. C 

coiriponent is increased. Since the slope of the rranor loops 

decreases it can be concluded that the u. decreases as D. C 

' me 

biasing current increases. 

Tlie decrease in inductance has two contr adi ctor y effects on 
the exciter dynarrd cs . Tlie reduced inductance will decrease the 
phase offset between the voltage and current in the coil^ but on 
the other hand will elevate the reluctance of the miagnetie 
circuitCin the analysis the reluctance of the metallic part has 
been neglected compared to that of the air g^P- . 

In f erromagneti c materials the relation between magnetic 
i nduct i on C BD and magnet i c field s tr ength C HD is nonl i near > whi 1 e 
in addition it also encounters hyster esi s . I n magnetism there are 
two t >pes of 1 ags ^ namel y ^ hys- 1 er i s - 1 s- " and ^ at €rf/^c i ^ . To 

explain the difference between these two effects C f i q . i B-7] D may be 
considered. 


By a small alteration -t-Ax one gets condition B, where 2 / is 


changed by .If the variation -Ax 


i 5 appi i ed a t-B > poi nt 



reached via a 

change -Ay^, where Ay..> 

tZt cZu 




After a 

certain tiirie Av =Av 
"1 " £ 

^ and 

this effect is 

cal 1 ed 

^ a/ t&r e//ec t 

^.If even after a long 

ti me 

tAy^j:Ay^y it is 

cai 1 ed 


^ ^ i ^ I s *■ . In ma.gn&'t i c hys t.€*r6fsi s Ih^r i nduet- i on "thus not- on! v 

d*&pends on the field strength but &lso on the magnetic history. 


If the material is subjected to si owl y-i ncreasi ng field » the 
resulting curve showing the relation between B and H is named 
virgin curve. If an alternating field is super i iriposed on the sxa'Lic 
f i el d j, one obt ai ns ' ctrihys t ere tic- stoce^Cfig.EB -SI j . 

It has been proved tliat in a coil with a f er romagneti c core one 
has to reckon with losses. The losses both in the windings and in 
the core can be considered to be caused by resistances. 

The complex impedance Z of the coil can be represented as a 
parallel connection and 

1 ^ ^ i 

Z R i . w. L 
P ' P 


The tangent of tlie loss angle S is 

tan o == 


gi ven by 




where <5 is loss ancle due to the losses in vindinqs and S 
w “■ ~ ^ 

r epr es en t s t he 1 os s a ng 1 e c on t r i but ed by t he c or e . 

These losses can be classified further- as: 
al) hysteresis loss 
bD eddy-c ur r enl 1 os s 


cj residual loss 



Th© pari-is.! losses of a core? can also h}& v*"! sual i z^cd as r^fsi st, anc€“S 
an<d in parallel concdpl. t-Ke* ‘LoLal r^asi s'Laric^? is Qiv&n fcjy 

1 _ i - 1 1 

R R, P. ~R. 

c hp €fp r p 

Theyy can also be represented as loss angles > 
t-an S = ban 6, •*- tan S + land 

c h e I- 

'where R, , 6 ,= resistance due to hvsteresis loss and T,.he 

hp h 

cor r espondi ng 1 oss angl e 

subscript e and r represent eddy-ioss and residual 

1 ossrespecti vel y 


Compl ex per meabi 1 i t y: 

If R is the loss resistance of the core alone then 
P 

1 1 1 
— -- — =: -j- 

jC R , , 

p . 1 . w. L.,.. jU 

U p 


j - w. L 


ij ^ jU 


i . w. u . 
o 


when & u" r epr es ent s real per meabi 1 i t y of t.. he c or e 

’ p ^ 

L. = inductance of the coil in air* 

o 


r i 

j • L. I 

‘ P 


1 

i . w . L _ . i-i 
u 
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By the ter m ^ compl ex per meabi i i i * i n par al 1 ei ter iTiS one 

under s t arid s 



1 


J 


tf 



u 


Thus ► compl ex per-meabi 1 i t y is a f uncti on 
consequently the loss angle changes with 
discussion so far- made reveals the fact, that 
be in phase. 


of f requeney and 
t*ne frequency . the 
B and H need noi. to 


Eddy— cm** rent losses: 

Eddy current losses are p^roduced in ail conducting rriater-ials when 
they are situated in an alternating magnetic or electric field, as 
a rule the eddy current should be kepi as low as possible. In order 
to supper ess the eddy losses in iron core > as much of it as 
possible^is constructed of thin 1 arndnati ons ^ whi ch are insulated 
from one another . 

Loss angle for eddy current can be found out to be; 


tan S 

e 


s i nh k . - sin k . 

u o 


s i nh k .. -t- sin k _ 


where k „ = d. 

O 

where d=thickness of lamination 
p=specific resistance of core material 

core impedance components corr e*spondi ng to &ddy losses are 
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y 


w. u. 

a. p 



^o- ^r 


L = 
P 


R = 
P 


k . 

u 

V/. L. /j 


k. 

O 




L. = 

o 


W . . a. b 


where ^a^is the total stacking height of the core> is width of 

t 

the core and i is the length of the core jM is the no. of turns 
c “* 

in the magnetic coil. 


Loss angle due to hysteresis: 

Loss angle due to hysteresis is given by 


tan S, = 
H 


4. 1^. M, i 


5. n. . 1 - 
^a 1 


where =coefficient of quadratic factor Cassuniing hyst.eresis 

curve as parabola^ 

1^.. = path of the field lines in cm. 


i 


y d 


. 1 


i ooo 


i i n mi 1 i arups . 




. 1 i jhc hysteresis loop for a ferromagnetic 

specimen (the dashed curve is the initial magnetiza- 
tion curve). The striped area is the net work done 
by an external source. The cross-hatched area is the 
work relumed by the specimen to the source. 



. B— 1 b Hysteresis loops for low, intermedi- 
ate, and high Values of rctentiviiy and 
coercive force are stated in terms of the 
saturation loop. - 



ib) 

* 9 . B S Hysteresis loop of an iron-core inductor showing average and differentia! perme- 
ability; (h) inductance variations in a typical iron-core coil. Note that dB.cIH is different from 
the ordinarv permeability which is /i = 




by 



{a) (b) 

Fig. B-4 (fl) The , magnetization < ‘ is not a faithful reproduction of the 

” j current; (b) linear operation is achieved by the use pf dc bias; 



Fig. . 1 Hysteresis loops with a biasing field. The static magnetic fields are parallel (a) 

and perpendicular (b) to the alternating field. The alternating field strength is kept constant. 




Fi g . B^5 (fl) Minor hysteresis loop due to superposed direct 1q and alternating current 7,^; 

(7>) minor loops for different values of direct current. 



^ ^ 9 ' B ^ 6 Typical incremental permeability versus ampli- 

Bgc tude of alternating flux density for iron, 



Fig. B-7 
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APPEMDIX-C 


The theory of regeneration spectrum in the stability analysis of 

metal cutting has been introduced by K, £PJ NIVA£AN & C . L, NACHTI GAL 

Cl 23, In the present work it has been slightly modified and remov’-ai 

of cer t ai n 1 i mi tati ons became necessar y . 

Let the character i sti cs equation of the system be of the formi 

Pc s J - uc s j . e = u 

There are infinite numiber of roots of the equation ^ which can 
gener ally be r epr es en t ed by 


k.-k 


= oi. 


J - 


k — i > cii > ^ 


Thie character i sti es equation can be rearranged as 


s. T 
e 


QCs:> 

PCs3 


P Csj 


putting s = j . w^ in the equation C I> and taking irtoduius on 

both side we get 


or 


Cot + 


j - 


= I i<C 0-. i 


K 


w, J i 

K ^ 


^k- i 


= iRC< 


The coridition of stabi 1 i t^y" requires that 

o., V = O 

k; 

ie |Rlo -h -i . w. j i ^ == 1 .for stability 

5 k ^ k » max 

In the paper C 3 it has been stated that the . regenerat i on 
spectrum Cplot of + j • /I is independent of time delay 

T^but it has been found that it rfiay not be always true. When 
penetr ati on resistance is considered in the dynamics of cutting ^ i 



is introduced into the system characteristics equation through 

^d* arbitrary criterion is set in t?^e paper for the validity of 

the above theory that 
5 

T >~ — p- p ^ where o* is the real part of the least stable 

Yt\A.>C 

max ‘ 


root of the equation PCs!) =0. Thie higher values of t will make the 
closer spacing of the roots possible and they are so near to 
iiriaginary axis »as can be replaced by least stable real pjart. 

o 

A closer inspection rriay help in relaxing the above 

limitations on T and very simple procedure can be adopted to find 

If a. is the least stable real part then obvuously 




IR C 
' max 





w... 

u 


Piottino & ~ and R j . wl) for values of w in the ranae 

lYtax O k 

O < w, < inf - >for each value of o, in the ranae “inf.< o.< •<- inf 
k O ’■ u 

one may find out o. and w_ when 

u o 


•y. _ 
o 


. i 


e 


\ RC & > -t- i . w _ D ! 

t U “ ^ 


But le “ - RC Oi . i . w . 3 I <= O.CsOl is sufficient -co stop the 
sear chi ng. Obvi ousl y is the chatter growth e:cporient and is 

“ Kj 

the chatter frequency. But chatter miay occur at any value of Wvior 
which value of regenerati ori amplitude is greater than 1. 

Thus the above theory becomes valid for all values of T, Trie 


procedure becomes easy with the help of a digital computer . 



APPENDIX-D 


Le^t- I the current in t-he magnet-ie coil correspondi ng to signal 
voltage and trerquency .Let for other frequency and signal 
voltage V ,I be the current in the coil. Mow if V, V V, and w :• 
Wi then condition will be achieved if following condition 
hoi ds good 


ri 




. w, 
n 






So it is sometimes possible that a low frequency signal 
evenwith low signal voltage level can produce greater current than 
a high frequency and high voltage signal . Consequently a higher- 
degree of excitation in the exciter is possible with a low 
frequency signal comipared to a high frequency input. 



